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The amount of genetic variation in a population tells us something about that 
population’s evolutionary history. Populations that have arisen from just a few 
individuals may have genetic variation that differs widely from their parent 
population. Why is this, how can we investigate such populations and what are 
the practical uses for such information?
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I
t seems reasonable to expect big populations 
to have more genetic variation than small 
ones. But that is not necessarily the case. 
For example, there is more genetic variation 

in the world’s 300 000 chimpanzees than there 
is among 7 billion humans. This reflects recent 
human evolutionary history, as we are undergoing 
rapid population expansion from perhaps only 
10 000 individuals 70 000 years ago. In contrast, 
chimpanzee populations may have stayed steady or 
decreased over the same period of time.

Recent advances in DNA sequencing technology 
allow us to measure genetic variation at a level that 
has not been possible previously. This gives us great 
insight into the evolutionary history and population 
structure of a wide variety of organisms. DNA 
technology has also been used in the quest to find 
genes that cause specific human genetic disease (see 
Biological ScienceS Review, Vol. 24, No. 3, pp. 34–38).

Evolution
When we consider Darwin’s theory of evolution by 
natural selection (see Biological ScienceS Review, 
Vol. 25, No. 2, pp. 38–41), we often think of it in 
terms of ‘survival of the fittest’. An understanding 
of genetics enables us to explain the mechanism 
underpinning evolution. Mutations in DNA 
generate variation, and natural selection acts on 
this variation so that the most advantageous genetic 
variants survive.

However, selection is not the only important 
aspect of evolution. Chance also plays a major 
role. This is particularly true in small populations, 
where we see what statisticians call a ‘sampling 
effect’ (see Box 1). Random processes have relatively 
little consequence for large populations, but can 
have a profound influence on genetic variation in 
small populations. There are really only two ways 
by which small populations can arise from large 
populations — genetic bottlenecks and founder 
effect, and we will consider each in turn.

Box 1 Sampling effects

The best way to understand genetic bottlenecks and 
founder effect is to consider a simulation. Assume you 
start with a population of 100 individuals. Suppose 
that within this population there are five different 
colour phenotypes all at equal frequencies. So you 
have 20 of colour A, 20 of colour B and so on. You 
can now simulate a genetic bottleneck by randomly 
killing 90 individuals, or create a founder population 
by randomly selecting ten individuals. Do this several 
times and allow the individuals to breed. What 
happens to the frequency of each colour in the new 
populations? Are all colours always retained or do 
some disappear? If some disappear, how often? If you 
vary the number of survivors or founders, does this 
make any difference?

Box 2 Genetic bottleneck versus founder effect

In a genetic bottleneck (see Figure A) the large original population has red and blue 
individuals (1). If the population goes through a genetic bottleneck (population 
crash (2 a, b and c)) the relative frequencies of red and blue individuals may change 
quite dramatically, even when the population recovers to something approaching 
its original size (3 a, b and c). In founder effect (see Figure B) a few individuals 
from an original population of red and blue individuals (1) migrate and start a new 
population (2 a, b and c) where the frequencies of red and blue individuals may differ 
significantly, by chance, from the original population. Note that in founder effect the 
original population survives, whereas in a genetic bottleneck it does not.

1

2a

2b

2c

3a

3b

3c

Figure A The effect of a genetic bottleneck.
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2c

Figure B Founder effect

Genetic bottlenecks
Genetic bottlenecks happen when a large population 
crashes due to a catastrophic event, so that only a 
relatively small number of individuals survive (see 
Box 2). Catastrophes may happen suddenly, such 
as by volcanic eruptions, tsunami or famine, or 
over much longer periods of time, such as climate 
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change. Whatever the cause, the effect on the 
population size may be profound. Environmental 
catastrophes kill individuals in the host population 
at random, so those that survive do so primarily 
by chance. Alternatively, a population may crash 
due to infectious disease, where selection will 
favour individuals with specific genetic variants of 
their immune system. Whatever the cause, genetic 
bottlenecks always reduce the amount of variation 
in a population.

Cheetahs are perhaps the best-documented 
example of a natural genetic bottleneck. The world’s 
14 000 or so cheetahs have remarkably low genetic 
variability. This probably reflects a prolonged period 
of inbreeding following a population crash in the 
last ice age, 10 000–15 000 years ago. Cheetahs 
are so similar that skin grafts between apparently 
unrelated individuals are only rarely rejected. 
Having so little genetic variation in their immune 
system means the entire cheetah population is 
potentially vulnerable to a single infection.

DNA evidence also supports the idea that our 
human ancestors underwent a series of genetic 
bottlenecks. These were probably associated with 
severe climate change linked to successive ice ages 
and perhaps environmental catastrophes such as 
the Toba Megaeruption — a huge volcanic event in 
Indonesia around 70 000 years ago.

Man-made bottlenecks
Our ancestors caused many recent genetic 
bottlenecks, such as the one that affected American 
bison. Prior to the arrival of Christopher Columbus 
in 1492, the bison population of North America 
is estimated to have been over 60 million. Four 
hundred years later, over-hunting had reduced this 
population to just 750 individuals. There are now 
around 400 000 bison, but these animals still have 
the genetic variation expected in 750 individuals. 
So, like cheetahs, the world’s entire inbred bison 
population is potentially susceptible to a single 
catastrophic infection.

Northern elephant seals lead an even more 
perilous existence. Hunting caused their population 
to fall to just 30 individuals by the 1890s. While 
their numbers have now recovered to hundreds of 
thousands, the story is complicated by the fact that 
the dominant bull male mates with nearly all the 
females — perhaps as many as 100 — in his colony. 
So few males pass their genes to the next generation, 
making an already inbred species even more so.

Founder effect
‘Founder effect’ was first described by Ernst Mayr in 
1942. He described it as ‘The establishment of a new 
population by a few original founders (in an extreme 
case, by a single fertilised female) which carry only 

Overhunting of bison by humans in the nineteenth century caused a genetic bottleneck. 
Although numbers of bison have recovered, their genetic variation is low.
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a small fraction of the total genetic variation of 
the parental population.’ The simplest example is 
when a small number of individuals colonise an 
island previously uninhabited by their species (see 
Box 2). As these few colonising individuals carry a 
fraction of the genetic variation from their parental 
population, all future generations of the newly 
colonised island will be derived from this subset of 
variation.

The great colonisers of the modern world are 
humans and no human population is more isolated 
and better documented than that of the South 
Atlantic island of Tristan da Cunha (see Figure 1). 
The first permanent settlement comprised eight men 
and seven women who arrived on the island in the 
early 1800s. DNA testing confirms that nearly all the 
250 current inhabitants are descended from these 
15 Europeans.

So how does the Tristan da Cuhna population 
differ from its European ancestors? We would 
predict that by chance the overwhelming majority 
of genetic disease present in Europeans would be 
absent in Tristan da Cuhna, because it was absent 
in the 15 founders. This is precisely what we see. 
Equally, and again entirely by chance, some of the 
15 founders would have been carriers of rare specific 
human genetic diseases that should be prevalent 
at a high level in their descendants. Asthma and 
glaucoma levels in Tristan da Cuhna are among the 
highest in the world.

the UK population of pugs, and calculated that the 
UK’s population of 10 000 pugs is so inbred that they 
have the genetic  variation you might expect from 
just 50 individuals. Geneticist Professor Steve Jones 
is quoted as saying:

People are carrying out breeding which would 
be first of all entirely illegal in humans, and 
secondly is absolutely insane from the point 
of view of the health of the animals. In some 
breeds they are paying a terrible price in genetic 
disease.

I n h e r i t e d  m e d i c a l 
condit ions in pedigree 
dogs can arise as a simple 
but inevitable accident of 
inbreeding. For example, 
around 30% of Dalmatians 
suffer hearing impairment, 
simply because that inherited 
condition existed by chance 
in their founder population. 
However, active selection 
of specific characteristics of 
a breed can lead to severe 
medical complications. For 
example, the flat face of pugs 
compacts their breathing 
passageways, leaving them 
unable to breathe properly 
and unable to regulate their body temperature 
efficiently via evaporation from the tongue (i.e. 
panting).

Why study the founder effect or genetic 
bottlenecks?
As well as being of interest to evolutionary biologists, 
founder effect and genetic bottlenecks have a critical 
role to play in the search for mutant genes that cause 
inherited medical conditions.

Most common medical conditions are complex, 
so the probability of any one individual suffering 
from asthma, diabetes or heart disease depends 
on a number of factors. Some of these, especially 
environmental factors such as diet, exercise and 
personal hygiene, you have some control over. 
However, you have no control over the genetic 
variation you are born with. Geneticists would like 
to find the genes that contribute to your medical 
risk, but this is extremely difficult, because in 
large populations there are a lot of genetic variants 
and a lot of environmental factors. Geneticists are 
interested in finding small, inbred populations 
where a specific medical condition is common. As 
these founder populations are often derived from 
relatively few individuals, so the genetic variation in 
the population is very low, and it should be easier 
to find the mutant gene that is associated with a 

Brazil

South Atlantic Ocean

South
Africa

Ascension
Island

St Helena

Tristan da Cunha

Figure 1 Tristan da Cunha is in the South Atlantic 
Ocean.

Inbreeding limits the genetic variation found 
in pedigree dogs such as pugs. They can suffer 
severe health problems as a result of inherited 
medical conditions.
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Pedigree dogs

Perhaps the most extreme example of founder 
effect can be seen in pedigree dogs. Many of 
the breeds we see today are derived from small 
founder populations from the 1890s that have 
been maintained by mating dogs with their close 
relatives. The problems associated with inbreeding 
on such a grand scale were investigated in the BBC 
television programme Pedigree Dogs Exposed, first 
broadcast in 2008. Scientists from Imperial College 
in London studied the scale of genetic variation in 
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specific inherited medical condition. But does this 
theory work in practice?

Huntington’s disease
Huntington’s disease is a rare and progressive 
neurological condition. Sufferers are born healthy, 
but later in life their nervous system deteriorates. As 
Huntington’s is a dominant single gene condition, 
it is passed directly from parent to child and can 
be followed within families from generation to 
generation. Worldwide there are about ten cases 
per 100 000 births, but around Lake Maracaibo 
in Venezuela the frequency is as high as 700 per 
100 000. This founder effect is due to one woman, 
Maria Concepcion Soto, who settled in the region 
around 200 years ago. Despite suffering from 
Huntington’s disease she had ten children, and is 
estimated to have 14 000 descendants alive today. 
Studies of this affected population by US researcher 
Nancy Wexler was key to finding the gene that 
causes Huntington’s disease.

Huntington’s disease is caused by a mutation in 
a single gene, so with a large set of related sufferers 
the defective gene should be relatively easy to find. 
So what about more complex conditions where 
variation at many gene loci is likely to contribute 
to an individual’s risk of developing a condition? 
Can well-documented founder populations help us 
identify risk genes?

Asthma
As mentioned earlier, the current population of 
Tristan da Cuhna is around 250 — descended from 

15 settlers who arrived on the island about 200 years 
ago. However, that is not the whole story. Tristan 
da Cuhna is the top of an enormous underwater 
volcano. In 1961, the volcano erupted and the 
entire population was evacuated to Calshot near 
Southampton. It was here that Noe Zamel, a young 
doctor from the University of Toronto, first noticed 
the high prevalence of asthma among the evacuees. 
Some people are more susceptible to asthma 
than others, and it is clear that variants of many 
genes contribute to this. But finding contributing 
genes in large, genetically complex populations 
is extraordinarily difficult. What Noe Zamel has 
shown is that susceptibility to asthma in the Tristan 
da Cuhna population must be associated with very 
few genes, and perhaps only a single mutation. In 
fact, it is likely that genetic susceptibility to asthma 
was present in just three of the original founder 
population. This gives us the very realistic chance of 
at last identifying one of the genes associated with 
asthma susceptibility.

Dr Kevin O’Dell studied genetics at the University 
of Nottingham, and later worked in Sheffield, 
Paris and Oxford. He is now a senior lecturer in 
genetics and convener of the genetics degree 
programme at the University of Glasgow.

•	Chance plays an important evolutionary role, 
especially in small populations.
•	Inbreeding usually decreases the amount of genetic 
variation in a population.
•	Inbreeding usually decreases the fitness of 
individuals.
•	In small populations, otherwise rare genetic 
conditions may be found at a relatively high 
frequency, which helps researchers find the gene(s) 
responsible for that genetic condition.

Chance plays an important evolutionary role, 

Key points 

O’Brien, S. J., Wildt, D. E. and Bush, M. E. (1986) ‘The 
cheetah in genetic peril’, Scientific American, Vol. 254, 
pp. 68–76.

Websites
The BBC documentary Pedigree Dogs Exposed can 
be found at various unofficial sites. There are also a 
number of forums that discuss the relative merits of 
issues arising from the programme.

The BBC Newsnight film on Huntington’s disease 
and Lake Maracaibo, can be found at: 
http://tinyurl.com/ctmzcuu

Noe Zamel’s homepage can be found at: 
http://tinyurl.com/d7pcsdn

O’Brien, S. J., Wildt, D. E. and Bush, M. E. (1986) ‘The 

Further reading 

Asthma is an inherited 
medical condition.
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The ups and 
downs of 
hormones
This article explains, with particular reference to the female reproductive 
system, what happens to hormone levels as we age, the effect these changes 
can have on the body, how these changes can lead to an increased risk 
of developing certain diseases, and how our knowledge is being used to 
develop new treatments to target diseases associated with the menopause.

T
he endocrine system is an information 
signal network that uses chemicals — 
hormones — to communicate. It is key 
to body function — regulating mood, 

development, metabolism and reproductive 
processes. 

Hormones are released from endocrine glands 
located throughout the body (see Figure 1). They 
enter the blood and are carried to specific target 
organs, cells or tissues, where they induce a response. 

This type of signalling is slow to begin with, but can 
lead to prolonged responses, often measured in 
days.

Each hormone has a defined structure that 
is recognised by specific binding sites — called 
hormone receptors — on the target cell. Binding 
of a hormone to its receptor triggers a cascade of 
secondary effects inside the target cell, ultimately 
activating the expression of genes in that cell (see 
Box 1).

Hormone synthesis and release is controlled 
by positive and negative feedback mechanisms, 
which maintain or restore homeostasis. A well-
known example is the female menstrual cycle. This 
involves a signalling network comprising the brain 
and ovaries (see Biological ScienceS Review, Vol. 25, 
No. 1, pp. 23–27).

The menstrual cycle
The menstrual cycle of a healthy pre-menopausal 
woman lasts an average of 28 days, resulting in 
the release of a fertilisation-competent oocyte. 
The cycle can be split into three distinct phases, 
characterised by tightly regulated fluctuations in 
hormone concentrations (see Figure 2 on p. 32). The 
follicular phase spans the first day of menstruation 
through to ovulation. It begins with an increase in 
follicle stimulating hormone (FSH) concentration. 
This stimulates around 15–20 follicles to mature and 
secrete increasing quantities of oestrogen, which 
in turn inhibits further FSH secretion by negative 
feedback. Usually, a single follicle emerges and 
oestrogen concentrations peak towards the end of 

Pituitary gland

Hypothalamus

Parathyroids

Thymus

Pancreas

Testes
in males

Pineal gland

Thyroid gland

Adrenal
glands

Ovaries
in
females

Figure 1 Glands of the 
endocrine system.
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the follicular phase. The high levels of oestrogen 
stimulate the production of luteinising hormone, 
LH (positive feedback). This is required for the 
second phase, ovulation, in which the developing 
female gamete, or oocyte, is ejected from the ovary 
and migrates down the oviduct.

In the final, luteal, phase, a corpus luteum 
develops, which secretes mainly progesterone with 
some oestrogen. High progesterone concentrations 
inhibit the production of FSH and LH. In the 
absence of FSH and LH stimulation, the corpus 
luteum undergoes cell death and reabsorption. As 

oestrogen and progesterone concentrations fall, 
the negative feedback control on FSH is removed, 
concentrations begin to rise, and the next menstrual 
cycle is initiated. This cycle begins at puberty and 
lasts throughout the reproductive phase of every 
woman until the onset of the menopause.

Ageing and the menopause
The menopause is the stage in a woman’s life when 
her ovaries stop producing gametes and she is 
no longer fertile. The menopause occurs because 
the ovaries no longer respond to FSH and LH 

Box 1 Types of hormones

Hormones can be grouped broadly into steroids, amines and peptides/
proteins (see Table 1). Hormones in each group tend to function in a 
similar fashion.

Peptides and proteins — the largest class — are variable in 
size, ranging from three to 50 amino acids in length. Most peptide 
hormones are synthesised in the endoplasmic reticulum of cells 
contained within the endocrine organ as larger biologically inactive 
precursors, termed pro-hormones. They are stored in secretory 
granules and are released into the bloodstream when stimulated by a 
specific signal.

Amines are water-soluble molecules derived from amino acids. 

Amines are also stored in secretory granules. Once these hormones 
are released into the bloodstream they travel to a target tissue where 
they bind to receptors on the outside surface of the target cell.

Steroid hormones, produced by the adrenal gland, ovaries 
or testes, are not stored in endocrine cells and are released 
immediately they are made. Steroid hormones are lipid-soluble so 
they can diffuse directly across the plasma membrane of the target 
cell. Once inside the cytoplasm, steroid hormones bind to their 
receptors, forming a complex. This complex then moves into the 
nucleus where it binds to target genes, turning protein expression 
on or off.
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in granules in the cytoplasm of cells
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released directly into the bloodstream

Bloodstream
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2 Hormones are released
into the bloodstream upon
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3 Hormones travel 
in the bloodstream 
to target cell

Hormone
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target cell
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2 Hormones travel
in the bloodstream 
to target cell

4 Hormones bind
to their receptor in
the cytoplasm

5 Hormone
receptor
complex
moves into the
nucleus to
stimulate gene
expression

How the different classes of hormones work.

Table 1 Types of hormones

Type Form Where produced (see Figure 1) Example

Steroid Lipid-soluble Adrenal gland, ovaries, testes Oestrogen, testosterone

Amines Water-soluble Adrenal medulla, thyroid gland, pineal gland Epinephrine, dopamine

Peptides and proteins Water-soluble Pituitary gland, hypothalamus, pancreas, 
parathyroid gland, thymus gland

Insulin, follicle-stimulating hormone, 
luteinising hormone
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released from the pituitary gland, even though they 
continue to be released throughout her life. Lack 
of ovulation results in reduced concentrations of 
circulating oestrogen and progesterone. Oestrogen 
concentrations usually begin to fall from around 35 
years of age. However, the most pronounced changes 
occur around the menopause (see Figure 3). 

It is the fall in these hormones that gives rise to 
the characteristic symptoms of the menopause —
irregular menstruation, night sweats, hot flushes, 
vaginal dryness. The average age of menopause 
is 51 — so women now live the last third of their 
lives with low oestrogen concentrations, resulting 
in increased risk of developing several chronic 
diseases (see Table 2). For example, the menopause 
is closely associated with an increased risk of 
developing osteoporosis — a reduction in bone 
strength leading to higher chance of fractures. 
Reduced concentrations of oestrogen result in 
increased bone reabsorption and decreased levels of 
new bone being deposited, which ultimately results 
in lower bone density.

Hormone replacement therapy
Women can be prescribed hormone replacement 
therapy (HRT) to alleviate the symptoms of 
menopause and reduce the risk of developing 
chronic diseases. HRT can be taken as a combined 
oestrogen–progesterone therapy or as an 
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Figure 3 Mean levels of ovarian hormones as women age.
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Figure 2 Hormonal regulation of the menstrual cycle. There are three distinct 
phases. (1) The follicular phase is characterised by increasing levels of FSH, 
which results in maturation of ovarian follicles, which in turn produce oestrogen, 
where levels peak at the end of the phase. (2) Ovulation occurs due to high 
levels of oestrogen having a positive effect on LH concentrations resulting in the 
ejection of an oocyte from the ovary. (3) The luteal phase is characterised by the 
production of a corpus luteum, which secretes high levels of progesterone.

Table 2 Increased health risks associated with the menopause

Tissue Conditions

Brain Stroke, Alzheimer’s disease

Bone Osteoporosis

Breast Breast cancer

Heart Heart attack, heart disease

Bladder Urinary incontinence

Skin Delayed wound repair Woman applying oestrogen patch.
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oestrogen-only therapy (for women who have had 
a hysterectomy), and can be administered by tablet, 
patch or implant. HRT can prevent osteoporosis by 
reducing bone loss and delay skin ageing in post-
menopausal women. Two large-scale studies (the 
Women’s Health Initiative, WHI, and the Million 
Women Study, MWS) looked at the effect of HRT on 
the health of post-menopausal women. The WHI 
was conducted in the USA on more than 160 000 
volunteers between the ages of 50 and 79. These 
volunteers were randomly given either a placebo 
or HRT. The study was due to end in 2005 but was 
terminated prematurely in 2002 when it was found 
that the HRT group had a slightly increased risk of 
developing breast cancer, stroke and coronary heart 
disease compared with the placebo control group.

The MWS was conducted in the UK on more than 
1 million post-menopausal women aged over 50. 
This study confirmed findings from the WHI of an 
increased risk of stroke, breast cancer and coronary 
heart disease in women prescribed HRT compared 
with those who were taking a placebo. This study 
also confirmed an increased risk of uterine cancer 
in women prescribed oestrogen-only HRT.

After the publication of these studies and the 
extensive media publicity that followed, the number 
of HRT prescriptions declined dramatically (see 
Figure 4). However, when the data were re-analysed, 
taking into account the length of time women were 
post-menopause before they started treatment, it 
was clear that women who began taking HRT 
around the onset of menopause were at a decreased 
risk of heart disease. These new findings have 
highlighted the potential difference of taking HRT 
at different times during menopause. The reasons 
for this are still unclear and are the subject of much 
investigation.

Hormones and wound healing
As people age, they have an increased risk of 
developing wounds that fail to heal properly — 
chronic wounds (see Figure 5). These wounds lead 
to pain, reduced mobility and social isolation. It is 
estimated that 1 in 20 elderly people will develop a 
chronic wound at some point in their lifetime. There 
are three main types of chronic wound:

 ■ pressure ulcers, usually found in the pelvic region
 ■ venous ulcers, common in the lower part of the 

leg
 ■ diabetic foot ulcers, caused by an inability to feel 

pain resulting in damage to tissues in the foot
Chronic wounds have a major impact on the 

NHS, with annual treatment costs estimated at 
over £3 billion. Currently, there are no effective 
treatments.

One of the main reasons that these wounds heal 
so slowly is the decrease in oestrogen concentrations 
in elderly men and women, rather than age itself. 

If patients are given HRT to increase the levels of 
oestrogen circulating around the body, healing 
is accelerated and these patients do not develop 
chronic wounds. Recent studies have shown that 
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Figure 4 Number of HRT prescriptions. This graph shows that the number of HRT 
prescriptions fell dramatically after the publication of two studies (the Women’s 
Health Initiative in 2002 and the Million Women Study in 2003). This decrease was 
particularly pronounced in women aged 50–59 years, which is the average age of 
women entering menopause and therefore at most risk of developing menopausal 
symptoms.

Figure 5 Examples of chronic wounds (diabetic foot 
ulcers).
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Chronic disease  A disease that develops gradually and is 
persistent or lasts a long time (months to years).

Corpus luteum  A temporary endocrine structure that 
develops from the ovarian follicle and secretes high levels of 
progesterone.

Endocrine system  The system in the body that is responsible 
for the production of hormones.

Epidermis  The outer layer(s) of cells in a multicellular 
organism.

Homeostasis  The maintenance of constant internal conditions.

Negative feedback  A mechanism whereby the body can 
regulate levels of hormones through their own influence, i.e. 
when a hormone reaches a high level it can inhibit further 
secretion of itself.

Oocyte  Immature egg cell produced from the ovary.

Placebo  An inactive substance or preparation used as a 
control in an experiment or test to determine the effectiveness 
of a drug.

Positive feedback  The opposite of negative feedback, 
whereby levels of hormone can have positive effects on the 
secretion of itself or other hormones.

SERMs  Class of compounds that act through the oestrogen 
receptor.

Terms explained 

For general information about hormones and endocrine 
diseases go to: www.hormone.org

For detailed reading about the two large-scale research studies 
into the effects of HRT go to:
www.millionwomenstudy.org

www.nhlbi.nih.gov/whi

Further reading 
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Oestrogen promotes cells in the top 
layer of skin (epidermal cells) to 
move over the surface of the wound, 
therefore promoting healing.

Inflammatory cells are released into the 
wound area from blood vessels in the skin. 
These inflammatory cells release factors that 
delay healing. Oestrogen reduces the number 
of inflammatory cells and so promotes 
healing.

Fibroblast cells deposit matrix 
(which acts as a scaffold to be able 
to reform the skin structure). 
Oestrogen increases the number of 
fibroblast cells, resulting in higher 
levels of matrix.

1 2 3

Figure 6 Oestrogen promotes wound healing. The epidermis is the outer layer of cells in the skin; the dermis is the layer of skin below 
the epidermis. The left-hand side of each panel shows what happens when oestrogen levels in the circulation are high; the right-hand side 
shows what happens when oestrogen levels in the circulation are low.

Box 2 SERMS promote wound 
healing in mice
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Adapted frrom Hardman, M. J., Emmerson, E., Campbell, L. & 
Ashcroft, G. S. (2008) ‘Selective oestrogen receptor modulators 
accelerate cutaneous wound healing in ovariectomised female 
mice’, Endocrinology, Vol. 149, No. 2, pp. 551–557. Copyright 
2008, The Endocrine Society.

Scientists investigated the effects of tamoxifen on 
wound healing in mice that did not have ovaries 
(mimicking the menopause). These mice were given 
oestrogen or tamoxifen and the wounds were left to 
heal. Mice with intact ovaries were used as controls; 
their wounds were left untreated for the same length 
of time. The size of the wounds was measured and 
the results obtained are presented in the graph as 
mean wound area ± standard error of the mean. 
These results show that tamoxifen promotes wound 
healing in mice without ovaries to a similar extent as 
oestrogen.
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oestrogen can increase wound healing in several 
ways (see Figure 6). For example, oestrogen:

 ■ promotes the migration of cells in the epidermis, 
which helps to close the wound

 ■ reduces the number of inflammatory cells that 
release harmful factors

 ■ increases the production of new skin by fibroblasts
However, because of the controversy surrounding 

the use of HRT, this treatment is not usually 
prescribed for elderly patients suffering with chronic 
wounds. Instead, compounds called ‘selective 
estrogen receptor modulators’ — SERMs — are 
being developed. Although these drugs are being 
developed primarily to treat menopause-associated 
symptoms, they may also be useful for the treatment 
of other hormone-related diseases, including chronic 
wounds. SERMs bind to oestrogen receptors and 
promote oestrogen-like beneficial effects such as 
reducing bone reabsorption during osteoporosis, 
without oestrogen’s detrimental side effects, such 
as increasing risk of breast cancer. Several SERMs 
are in current clinical use, including tamoxifen 
for the treatment of cancer (see Biological ScienceS 
Review, Vol. 24, No. 1, pp. 38–41) and raloxifene for 
the prevention of osteoporosis. Interestingly, recent 
research has shown that SERMs can also improve 
wound healing in rats and mice to the same extent 
as oestrogen (see Box 2). Clinical trials are now 

being performed to determine whether SERMs can 
also promote wound healing in chronic wound 
patients.

Laura Campbell is a final year PhD student 
working with Dr Matthew Hardman in the Healing 
Foundation Centre at the University of Manchester. 
Their research interests are focused on the role of 
hormones in delayed wound healing in the elderly.

•	Hormones are chemical messengers released from 
endocrine glands to regulate body functions.
•	Hormone release is tightly controlled by positive and 
negative feedback loops. A good example is the system 
controlling the female menstrual cycle in which hormones 
fluctuate on a monthly cycle.
•	As women age, their hormone levels decline, leading to 
the menopause. HRT alleviates symptoms of menopause 
but is also associated with a slightly increased risk of 
developing conditions such as breast cancer.
•	Low oestrogen in post-menopausal women increases 
the risk of developing a number of diseases, such as 
chronic wounds, osteoporosis, heart disease and stroke.
•	Current therapies exploiting our knowledge of 
oestrogen signalling are being developed to target 
diseases associated with the menopause.

Hormones are chemical messengers released from 
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Papaya
Genetic engineering success?

 spotlight The intention of this column is to throw a spotlight on individual organisms — not to blind you with 
science but to reveal important and fascinating aspects of specific plants, animals and microorganisms.

The papaya ‘tree’ is actually a tall herbaceous 
plant found in tropical and sub-tropical 

areas of the world. It is a useful crop but 
unfortunately the plants are susceptible to 
many diseases.

Papayas are known as tropical superfruits 
— they are rich in vitamins A, C and K, 
complex B vitamins, potassium, calcium, iron and dietary 
fibre. As they ripen, the outer rind changes colour from 
green to yellow and the flesh changes to yellow, orange 
or red. The brightly coloured fruit, which also has a sweet 
scent, attracts animals, which help to disperse seeds away 
from the parent plant in various ways. Fruit may be dropped, 
seeds can be cleaned off fur or feathers, and some seeds can 
survive passage through an animal’s gut and be deposited 
in a heap of fresh fertiliser! Unripe, green fruits are cooked 
and eaten by people, particularly in stews, as they contain 
a proteolytic enzyme called papain that acts as a meat 
tenderiser. So as well as being useful as food, papayas can 
be collected and used commercially to extract the papain 
(see Box 1).

Growing papayas

Papaya is native to Central America and has 
been cultivated from as early as the sixteenth 
century. It grows up to 9 m tall and the leaves 
and flowers emerge directly from the stem 
(see Figure 1). Like other cultivated plants, 
many varieties are available. The variety can 

be chosen for its suitability for the particular environment 
that it is to be grown in, or for the fruit type needed. Papayas 
exported overseas (for example, to Europe) tend to be the 

Figure 1 A papaya plant with fruit.

Box 1 Fruit juice

The enzyme papain is found in the milky juice (latex) that oozes 
out of unripe papayas when they are wounded. It probably 
functions as part of the plant’s defences against attack by 
herbivorous animals and insects. To produce papain, mature 
but unripe (still green) fruit are scored and wrapped in plastic 
overnight. The latex is collected in the morning and dried to 
produce raw papain. This is further refined and ground to 
produce a fine powder, which can then be used commercially
 Papain digests proteins so it is well known as a meat 
tenderiser (for example to increase the digestibility of pet 
food). However, it is also used in many other industries 
such as brewing (to stop beer turning cloudy when chilled), 
leather production (to prepare hides for tanning) and the 
pharmaceutical industry (for example, as an ingredient in 
contact lens cleaning solutions).
 Papain and unripe papayas have long been used in 
traditional medicine to treat complaints such as indigestion, 
parasitic worms, swellings, stings and bites. However, while 
popular in herbal remedies, there is little evidence of the 
effectiveness of papain in clinical trials and papaya latex can 
cause allergic reactions in some people.

Agriculture
GM crops
Papaya
Virus
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smaller ‘solo’ types (so called because one man can eat it 
all), whereas at local markets the preference is for larger 
fruits weighing up to 9 kg (see Figure  2). The skin of the 
ripe fruit is easily damaged, so export crops are picked early 
and shipped while still partly green. As well as commercial-
scale growing, the papaya is also popular in gardens and for 
small farms, as it is a relatively compact tree that needs little 
looking after. It starts producing fruit 9–12 months after 
sowing and crops heavily.

Ringspot disease
Unfortunately, papaya plants are subject to attack by many 
insect pests, as well as fungal and viral diseases. The biggest 
threat to cultivation comes from the papaya ringspot virus 
(PRSV). PRSV is a flexible, rod-shaped virus consisting of a 
single-strand of RNA protected by a coating of proteins. It is 
transmitted by the stylet of aphids as they probe the plant 
looking for suitable feeding sites. There are two different 
types of PRSV — P and W, but only type P can infect the 
papaya family. Additionally, there are many different strains 
of the virus, which are found in different locations across the 
world. Scientists studying the genetic sequences of PRSV coat 
protein have found that the greatest diversity occurs in India, 
perhaps suggesting that this is where the disease originated.

The virus is named for the ringspots that develop on the 
fruit (see Figure 3), but diseased trees show several other 
symptoms, including oily streaks on the petioles and 
stem, chlorosis and distortion of leaves, stunted growth 
and flower drop. The effects of this disease on an orchard 

are devastating — fruit quality and yield are poor and 
eventually the plant dies. To deal with an outbreak, farmers 
must uproot and burn the infected plants, removing all 
possible hosts and quarantining orchards. Breeders have 
tried to develop resistant plants using conventional cross-
breeding techniques, crossing the commercial plants with 
wild relatives that show resistance to PRSV. These attempts 
have met with limited success. Deliberately inoculating 
young plants with a mild strain of the virus (known as cross-
protection) can reduce the severity of the disease or delay 
the development of more serious symptoms. However, none 
of these methods can prevent the spread of PRSV or give 
complete protection to the plants.

A GM solution?
Although the success of cross-protection was limited, it 
inspired scientist Dennis Gonsalves and his collaborators 
to attempt to develop papayas with ‘pathogen-derived 
resistance’ (PDR). These are transgenic plants that have 
been modified to include genes from the pathogen, which 
results in protection from the disease. Normally a pathogen 
such as a virus would use the processes taking place in a 
plant cell to reproduce itself, but PDR interferes with this 
hijack of the plant cell. PDR was first used against plant viral 
disease in the 1980s with tomato, and in 1989, Gonsalves 
and his team began trying to transform papaya using a 
method called particle bombardment. DNA including the 
gene for the PRSV coat protein coupled to an antibiotic 
resistance marker gene was coated onto tungsten particles 

Gonsalves, D. (2004). ‘Transgenic papaya in Hawaii and 
beyond’, AgBioForum, Vol. 7, Nos 1 and 2, pp. 36–40: 
http://tinyurl.com/2cbkv3

Gonsalves, D. (2004). ‘Transgenic papaya in Hawaii and 

Further reading 

Figure 3 An unripe papaya showing spots characteristic of  
ringspot disease.

Figure 2 Ripe papayas on sale at a local market.
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and fired at the plant tissue. This bombardment technique 
does not manage to insert the DNA into all the treated cells, 
so it is first necessary to separate out those cells that have the 
new DNA from those that have not taken it up. Those cells 
that have incorporated the foreign DNA into their genome 
can be selected out using their antibiotic resistant properties 
— the antibiotic will kill only those cells without the foreign 
DNA. Once a population of transgenic cells is obtained, 
tissue culture methods are used to grow them into plantlets.

By 1990 the team had succeeded in developing the first 
transgenic papaya, called ‘SunUp’. In Hawaii there are no 
wild plant relatives of the commercial papaya crop so gene 
escape into the natural environment was not thought likely 
and field trials of the transgenic variety were soon approved. 
Following the success of this trial, ‘SunUp’ was then crossed 
with a papaya variety that was popular with both growers 
and consumers in Hawaii to create ‘Rainbow’, which became 
commercially available in 1998. Both varieties have excellent 
resistance to Hawaiian strains of PRSV, showing no disease 
symptoms and cropping heavily even when neighbouring 
non-GM plants were dying. This was very timely, because in 
1992 the Hawaiian papaya industry had suffered a serious 
outbreak of PRSV disease. Consequently, the Hawaiian 
papaya growers quickly adopted the new transgenic varieties.

The future for GM papaya
The development of transgenic papaya varieties rescued the 
Hawaiian papaya industry. Over 10 years of cultivation later, 
the GM papayas remain the most successful attempt so far to 
combat PRSV. However, the very success of these transgenic 
plants could threaten their future. Whenever crops are grown 
as monocultures — i.e. the same crop is grown over large 
areas of land, year after year — there are inherent risks. Pests 
and diseases evolve all the time and can eventually overcome 
the plant defences. In addition, all the papaya plants are 
genetically similar to one another and this means that if a 
new strain of PRSV evolves that is able to infect one plant, 
then it is highly likely to be able to infect the others.

Future research may, therefore, be needed to improve 
genetic diversity of the GM papayas in the fields. Greater 

variation in the genetic background of the crops in a 
field means it is less likely that they will all succumb to 
a disease. Additionally, the plant resistance in ‘SunUp’ is 
based on the expression of the coat protein gene from a 
Hawaiian strain of PRSV. If crop developers want to grow 
GM papayas elsewhere, they would have to consider not 
only the preferred local fruit variety but also the local PRSV 
strains. Plant biotechnology institutes in many countries, 
including Thailand, Venezuela and Jamaica, have been keen 
to capitalise on the knowledge and technology developed in 
Hawaii. Several region-specific transgenic papaya cultivars 
have been developed, but currently Hawaii remains the one 
location where GM papayas are grown.

Problems
The tide of public opinion has turned against GM crops 
since the introduction of the Hawaiian papayas and no 
new cultivars have been released for cultivation. In each 
case, problems have arisen, including concerns over 
ineffective biosafety, bioethical concerns and difficulties 
with legislating for these plants. To address these problems, 
researchers have done further studies looking into subjects 
such as the public perceptions of the crop, the safety of the 
fruit for human consumption and the impact of the crop 
in its environment. As a direct result of these studies, Japan 
has ruled that Hawaiian transgenic papayas pose no threat 
to human health and has lifted the import ban on them.

Researchers have now sequenced the transgenic ‘SunUp’ 
papaya genome. It was published in the journal Nature in 
2008, making it the fifth plant and the first transgenic fruit 
crop ever sequenced. Greater understanding of the genetics 
of papaya gives scientists an opportunity to make further 
progress by adding other pathogen-resistance genes. This 
might help not only against PRSV, but also against other 
viruses such as papaya mosaic virus and against fungal 
diseases such as mildew and blight. However, whether 
new papayas are developed and are a commercial success 
anywhere outside the USA depends on the willingness 
of producers and consumers to grow and buy transgenic 
produce.

 Advocates for transgenic crops argue that GM technologies 
are essential tools to avoid future problems with food 
availability, resulting from increasing world population 
pressures and environmental change. In the near future, 
however, public suspicion of GM foods is likely to continue 
to limit their commercialisation worldwide. Even in Hawaii, 
producers of organic or non-GM papayas are critical of their 
continued use. One thing is certain: this debate will continue 
for many years to come, and the success and failures of 
existing crops such as ‘SunUp’ and ‘Rainbow’ papaya will 
contribute to the case-by-case discussions for each new 
application of GM biotechnology.

Dr Rachel Webster studied temperature effects 
on papaya seed germination for her PhD with the 
Millennium Seed Bank Project. She now works as the 
curator of botany at The Manchester Museum.

Biosafety  Safety procedures dealing with biological research 
and its effects on people and the environment.

Chlorosis  Leaf yellowing caused by loss of the green pigment 
chlorophyll.

Gene escape  Transfer of genes from a transgenic organism to 
a wild relative.

Pathogen  A disease-causing agent.

Petiole  The stalk attaching a leaf to a plant.

Proteolytic enzyme  An enzyme that digests the bonds 
between individual amino acids in a protein.

Strain  A genetic variant of a microorganism.

Stylet  The piercing and sucking mouthpart of an aphid.

Transgenic  Containing a gene transferred from another 
organism.

Biosafety  Safety procedures dealing with biological research 

Terms explained 
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